I. INTRODUCTION
Monochromatic parallel x-rays are generally used to obtain high-resolution x-ray images. High-brilliance synchrotron radiation sources with a combination of a planegrating monochromator and mirrors, 1 or L-shaped multilayer mirrors 2 are used to obtain monochromatic parallel x-rays. However, synchrotron sources restrict the broad applications of monochromatic parallel x-rays due to their scarcity, which is mainly a result of high construction costs. For general monochromatic parallel x-ray use, it is necessary to generate them from lab-based x-ray sources.
Using lab-based x-ray sources, monochromatic parallel x-rays have been obtained by using polycapillary x-ray optics, which guide x-rays into a parallel beam, and an oriented crystal, which diffracts x-rays of a particular energy to monochromatize polychromatic parallel x-rays. 3 In addition, double-reflection channel-cut condensing-collimating monochromators, 4 a flat-bent parabolic multilayer mirror associated with monochromators, 5, 6 two cross-graded dspacing parabolic multilayer mirrors, 7 and a logarithmic spiral mirror combined with a convex-bent mirror 8 have been used to obtain monochromatic parallel x-rays.
The aforementioned work adopted multiple mirror systems. However, multiple x-ray reflections used to generate monochromatic parallel x-rays reduce both the reflectivity and intensity of x-rays. In addition, their mirror alignment setups, which are used to obtain monochromatic parallel xrays, are complex and difficult. Therefore, a single-bounce mirror that can obtain monochromatic parallel x-rays is significant because it increases the intensity of x-rays and decreases the complexity of the multiple reflections from mirrors to achieve collimation (or focusing) in two dimensions. a) T. Nguyen and X. Lu contributed equally to this work. b) Electronic mail: i_jeon@chonnam.ac.kr
In our previous work, 9 we obtained high-intensity monochromatic x-rays using one parabolic multilayer mirror and a labbased x-ray source. However, we were unable to obtain parallel x-rays with monochromatic characteristics and their x-ray image profiles.
For the first time to our knowledge, the present research realizes a single mirror that can generate nearly monochromatic and parallel x-rays using a general lab-based x-ray source. A mirror substrate was designed and fabricated for the mirror. Then, six W/Al bilayers were sputtered on the substrate surface to establish a multilayered mirror. As the mirror reflected the x-rays, curved bright bands were seen in the x-ray images. The parallelism, intensity, and monochromatic characteristics of the reflected x-rays were investigated along with the bright bands.
II. DESIGN AND FABRICATION OF THE MIRROR
For the length direction (x-direction) shape design of the mirror substrate, a parabolic curve, which can produce parallel x-rays along the x-direction from a point x-ray source, was considered ( Fig. 1(a) ). For the width direction (z-direction) shape design of the substrate, a one-eighth arc of a circle, which can prevent the spread of x-rays in the x-z plane, was considered. Then, the geometric surface of the mirror substrate was determined by following the rotation of the parabolic curve around the x-axis with the angle range of A point x-ray source was set at the origin in the rectangular Cartesian coordinate ( Fig. 1(a) ). The x-ray incident angles θ and β were defined using the incident directions of x-rays from the x-ray source and the tangential directions of the parabolic curve at points A and B, respectively. The x-coordinate of point A, x A , is the distance between the xray source and the beginning point of the mirror. The difference between x A and x B is the length of the mirror, L. The y-coordinates, y A and y B , are the radii of the beginning point and ending point of the mirror substrate, respectively. In addition, the difference between y A and y B is the thickness, t, of the parallel x-rays. To determine all the coordinates, y A is first selected based on the precise fabrication ability of the mirror substrate. In this research, we selected a value of 2 mm for y A . The other coordinates, x A , x B , and y B , can be decided by the incident angles, θ and β.
To determine θ and β, the x-ray reflectivities of the multilayer mirror were evaluated. The x-ray reflectivity of the jth interface in the multilayers, χ j , is defined as
where
the wavelength of the x-ray, θ j : the internal angle of propagation in the jth layer, d j : the thickness of the jth layer, and r j : the Fresnel coefficient of reflection at the jth interface. The x-ray reflectivity of each interface of the multilayer mirror can be calculated using a recursive method. 11 Then, the reflectivity of the multilayer mirror is determined from the magnitude square of the reflectivity at the first interface, which is the mirror surface, |χ 0 | 2 . To calculate the x-ray reflectivities, 5 nm thick aluminum (Al) and 20 nm thick Tungsten (W) were chosen based on the characteristics of their deposition processes. A Cr anode target, which was adopted for the lab-based x-ray source in this research, was considered for investigating the x-ray reflectivities of the various energies in its x-ray spectrum. In particular, the energies of characteristic x-rays CrK α and CrK β , which were 5.41 keV and 5.94 keV, respectively, 12 and the energy of 4.0 keV as a lower energy than that of CrK α , and the energy of 7.5 keV as a higher energy than that of CrK β were considered. For the multilayer, six W/Al bilayers were selected through iterative calculations of the reflectivity, which provide an optimized high reflectivity similar to the reflectivity found with more than six bilayers. Figure 1(b) shows the calculated reflectivities of each x-ray energy along the incident angles.
Figure 1(b) shows that the reflectivities of K β and the x-ray of 7.5 keV in the incident angle interval between 0.8775
• and 1.01
• were lower than 30%. However, in the interval, the reflectivities of K α and the x-ray of 4.0 keV were between 40% and 80%. This means that K α and x-rays with lower energies can be reflected well in this interval. However, it is difficult to reflect K β and x-rays with higher energies in this interval. In continuous x-rays, the x-rays with lower energies than K α show very low intensity. Therefore, the x-rays reflected in the incident angle interval can be regarded as nearly K α monochromatic x-rays. From this result, we determined that θ = 1.01
• and β = 0.8775
• . Once y A , θ , and β were determined, x A , x B , and y B could be calculated from Fig. 1(a) ; x A = 56.705 mm, x B = 75.132 mm, and y B = 2.3 mm. The designed thickness of the parallel x-rays was 300 μm. The geometric sizes of the mirror substrate are shown in Fig. 1(c) . The thickness of the substrate was approximately 7 mm; this allowed easy handling. Stainless steel was selected for substrate fabrication because of its good machinability and surface quality after polishing. The stainless steel substrate was shaped using Hyper Variaxis 630 (Mazak, Japan) and the surface was precisely polished using pitch and alumina slurry to obtain a smooth surface by Metal Optics Co., Ltd., Korea.
To fabricate the multilayer mirror, six W/Al bilayers were deposited on the substrate surface using a DC magnetron sputtering machine in static mode. The sputtering gun characteristics, the tungsten quality, and the aluminum anode targets were described in a previous work. 9 The substrate was situated on the turntable unit 15 cm away from the two cathodes and rotated to create uniform layers during deposition. For the deposition of each 5 nm thick Al layer and each 20 nm thick W layer, the base and working pressures were set at 5 × 10
Torr and 1.5 × 10 −3 Torr, respectively, with an Argon flow rate of 12.5 sccm. At a constant substrate rotation speed of 12 rpm, the working time and power on the Al cathode were set at 75 s and 41.697-41.81 W, respectively, while those on the W cathode were set at 130 s and 151.008-154.869 W, respectively. Fig. 2(a) shows a cross-section image of the six W/Al bilayers taken using scanning electron microscopy. The thicknesses of each of the tungsten and aluminum layers were measured as 19.688-20.312 nm and approximately 5 nm, respectively, which show a thickness error of less than 1.6% from the designed thicknesses. Fig. 2(b) shows the multilayer mirror fabricated using the substrate.
Figures 2(c) and 2(d) show the surface profiles of the fabricated mirror along the x-and z-directions, which were measured using the noncontact mode profiler UA3P (Panasonic, Japan) and the designed mirror. The residual errors between the two profiles were also plotted in the two figures. In Fig. 2(c) , both shapes show a good coincident in the interval from −7 mm to 6 mm. However, considerably large ydirection errors over 4.0 μm were found around the edges of the mirror (outside −7 mm and 6 mm). These errors hinder the exact reflection of x-rays, may reduce the thickness of parallel x-rays, and may induce intensity loss in parallel x-rays. In Fig. 2(d) , all the shapes, except the interval from −0.1 mm to −0.5 mm along the z-direction, show a good coincident with each other. However, y-direction errors of 2.0-4.0 μm were found in the interval. These errors may decrease the intensity of parallel x-rays. The surface roughness, Ra, was measured using NewView600 (Zygo, U.S.A) as 2-3 nm along the x-direction, which are empirically acceptable values for the reflection of x-rays.
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III. RESULT AND DISCUSSION
To evaluate the effects of the fabricated mirror on x-ray images, the mirror was situated on an xyz stage between a general x-ray tube, which had a focal spot size of 2 mm × 4.5 mm, and a detector system with a scintillator (Fig. 3(a) ). A lead guard pinhole 3.4 mm in diameter was used as an x-ray source, and it was set 80.5 mm from the Be window of the xray tube. The mirror was then set 56.7 mm from the pinhole, and its position was controlled at 6
• of freedom using the xyz stage to reflect the x-rays. The detector system was set the 10, 15, 20, and 25 mm positions after the mirror to obtain the reflected x-ray images and evaluate their parallelism. The voltage and current used to take the x-ray images were 18 keV and 20 mA, respectively. The exposure time was increased to 20, 25, 30, and 35 s, respectively, which corresponds to each position of the detector system. Figures 3(b)-3(e) show the x-ray images obtained at each detector position. In these figures, a typical x-ray image profile of reflected x-rays, which is a curved bright band, was found above the shadow of the mirror. The width of the bands was almost constant at 1.722 mm regardless of the detector position, which agrees well with the designed value of 1.720 mm. However, the thicknesses changed to 274 μm, 329 μm, 382 μm, and 428 μm for each detector position, respectively, which were different from the designed value of 300 μm. These thickness changes were attributed to the finite size of the x-ray source used in this research. The effects of the finite-sized x-ray source on the bright bands were investigated through a simulation based on the x-ray incident angles to the designed mirror surface. The x-rays, which emanated from the pinhole area lower than the designed point source, had incident angles of 0.531
• -1.01
• to the mirror surface (Fig. 3(f) ) and were reflected due to their high reflectivity (Fig. 1(b) ). Of the x-rays, those with incident angles of 0.8775
• should make parallel x-rays. However, those with incident angles of 0.531
• -0.8775
• increased the thicknesses of the bands in the downward direction. In this case, the simulated thicknesses at each detector position were 361 μm, 391 μm, 421 μm, and 451 μm, respectively. The spreading angles of the simulated and measured thicknesses were 0.344
• and 0.584 • , respectively. However, those may be considered very small angles that deviate from the parallel direction. Therefore, the reflected x-rays can be regarded as nearly parallel x-rays. The measured thicknesses were smaller than the simulated thicknesses due to the geometric shape errors of the fabricated mirror (Fig. 2(c) ).
To investigate the intensity and monochromatic characteristics of reflected x-rays, the x-ray spectrum in the bright band region was measured using an x-ray spectrometer XR-100CR (Amptek Inc., USA), which is a high performance Si-PIN detector. To adjust the amount of photon flux, a second guard pinhole, 450 μm in diameter was added in front of the 3.4 mm diameter pinhole and a 50 μm diameter pinhole was attached to the Be window of the spectrometer. Then, the spectrometer was positioned near the end of the mirror (Fig. 4(a) ). However, the actual distance between the mirror end and the x-ray detector in the spectrometer was around 10 mm. For the measurement, the voltage and current of the x-ray tube and the exposure time were set at 18 keV, 5 mA, and 40 s, respectively. An x-ray spectrum of a Cr anode target without the mirror was also measured under the same experimental conditions for comparison. Figure 4 (b) shows the measured x-ray spectra with and without the mirror. The energies of K α and K β were measured without the mirror as 5.41 keV and 5.94 keV, respectively, which agree well with those of the Cr anode target. 12 With the mirror, the energies of K α and K β were measured as 5.46 keV and 5.98 keV, respectively, which also show good agreement with those of the Cr target. In particular, the intensity of K α in the spectrum measured with the mirror increased dramatically, up to 2.77 times higher than the intensity without the mirror ( K α, mirror K α, without mirror = 2.77). The intensities of the continuous x-rays were reflected and increased in the energy region lower than that of K α . However, the x-rays were completely filtered in the energy region higher than that of K β . These results coincide well with the intended design of the mirror (Fig. 1(b) ).
However, some portion of the K β in the reflected x-rays remained (Fig. 4(b) ). This result was attributed to the finite size of the x-ray source. The K β of the 0.531
• incident angles in the finite-sized x-ray source was reflected by the mirror and detected by the spectrometer. However, its intensity was measured as K β, mirror K β, without mirror = 1.58, which shows an approximately 58% increase over the intensity measured without the mirror. Although the K β existed in the spectra in Fig. 4(b) , the intensity ratios between the K α and the K β were measured as K α,mirror K β,mirror = 9.44 and K α,without mirror K β,without mirror = 5.40. This result means that the intensity of the reflected K β is relatively small compared with that of the reflected K α . Therefore, we can confirm that the reflected x-rays show nearly monochromatic characteristics.
IV. CONCLUSION
The results show that quasi-monochromatic and parallel x-rays with high intensity can be obtained using a single multilayer x-ray mirror and a lab-based x-ray source. The obtained x-rays can be used to take high-resolution x-ray images of various types of materials. Considering the obtained micro-scale thickness of the bright band region, this mirror may be applicable for use in x-ray microscopes. In addition, it could be adopted for use in local radiation therapy systems to annihilate cancer cells because of the high intensity, monochromatic characteristics, and confined region of the xrays produced.
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